INTRODUCTION
Although the manuring of fishponds as a means of increasing fish production was known in China in the fourth and fifth centuries B. C. (Neess 1949) , the use of chemical fertilizers for the same purpose has only developed in the last few decades.
The results of many experiments on fishpond fertilization reviewed by Mortimer and Hickling (1954) show that chemical fertilizers can bring about, considerable increase in the yield of fish.
Opinions differ regarding the importance of nitrogen and potassium fertilizers, as conflicting experimental results have been obtained.
Most workers agree on the importance of phosphorus and its striking effect on fish yield. This effect is no doubt due to the fact that phosphorus is generally found in very low concentrations in fresh water and is a limiting factor in the development of the phytoplankton of the pond. The fertilization of fishponds in Israel with phosphorus was begun in 1946. Since then it has become a general practice in fishculture.
Each pond receives approximately 0.7-1.0 tons of superphosphate per hectare per annum. l?ive regional laboratories situated in different part,s of Israel wcrc constantly checking the phosphorus concentration before and after each fertilization . These analyses showed that although considerable amount;s of watersoluble phosphorus were added to the water (sufficient to raise the phosphorus concentration to 0.5 mg/L or more), in a short period (24-48 hours) after the fertilization only a small fraction of this phosphorus, usually not more than 1-5 %, remained.
This rapid disappearance of the phosphorus from the water was noted by Itcich (1950) who pointed out that this is amazingly rapid because the amounts 01 phosphorus added are above those needed by t,he phytoplankton for good growt,h. Fisher and Rashkes (I 951) added phosphorus in very high doses (150--200 kg/ha) compared with those normally given t)o fishponds. In 3 I y0 of the cases they found after a short, period only 1 y0 of the amount added. Tn all cases there was an increase in phosphate concentration of not more than 3-5 % above the control.
The rate of disappearance of phosphorus from the water was not proportional to the amounts added. This rapid decline in phosphorus concentration after fertilization was also noted by workers outside Israel. Nisbct (1951) and Zcller (1952) give similar results. Brccst (1921) found no significant diffcrcncc in the concentration of phosphorus between fertilized and unfertilized ponds.
Any attempt to determine the optimum quantity of phosphorus fcrtilizcr to be added to the fishponds, the kind of fertilizer to be used, the methods of application, and the time of fertilization should first solve the problem of the fate of the phosphorus added. Is it utilized wholly or only partly by the phytoplankton?
If only partly what are the other factors responsible for the rapid decrcasc of the phosphorus concentration in the water following the fertilization? The present study aims to throw some light on this problem.
METIIODS
The experiments described in this paper were conducted mainly in the laboratory although some "field experiments" were carried out in earthen ponds. In the laboratory experiments lG-litrc enamel containers or smaller glass vessels were used. The experiments were dcsigncd to find the role of soil and its effect on phosphorus concentration in water. A layer some 4-5 cm thick of various soils was put on the bottom of the water-filled vessels. The ponds used for experiments were of B block of the Fish Culture Research Station at Dor and each was 400 m2 in area. The laboratory experiments were conducted in quadruplicatc and the pond experiments only in triplicate.
Chemical analyses
The water for chemical analyses was sampled so as to give a true composition of the entire water column in the containers and ponds. This was done by using a glass tubing fitted at the bottom with a conical rubber stopper. The rubber stopper was pulled into place by means of a plastic cord passing down the tube after the tube had filled with water. Sampling in the ponds was done with an apparatus described by Wirshubsky (1952) which operates on the same principle (Fig. I) .
Water soluble phosphate was determined by the standard methods of the American Public Health Association (1946) using stannous chloride as a reduction agent. Light transmittance after reduction was determined with the "Coleman Junior" spcctr2photomcter using a wavelength of 6750 A.
Total phosphorus was determined by the Robinson method as described by Rochford (1951) using perchloric acid as the oxidizing agent.
Phosphorus bound to the mud particles was determined by a method described by Rochford using pcrchloric and sulfuric acids for oxidation.
pII was dctcrmined either colorimctrically or using a glass-calomel pII-meter. This is a large dose, but as shown by Rashkes (1949) this does not affect the rate of disappearance of phosphorus after the fertilization.
It was found to be more convenient to give a large dose rather than a smaller one in the small volumes of water used. The calculation of the added dosage was made from the volume of water and not from the surface area as is usual in fish farming practice.
One hectare of pond was considered to contain 8000 m3 of water.
RESULTS
The effect of phosphorus fertilization in raising the fish yield is no doubt due to the assimilation of it by the phytoplankton which is at the base of the food chain. As this study was concerned mainly with the effect of other factors on the disappearance of the water soluble phosphate, phytoplankton was excluded from the cxperimcnts by using tap-water which is devoid of phytoplankton.
The first set of experiments was concerned with the effect of the soil on the phosphorus concentration in the water. Special attention was given to the effect of some components of the soil such as organic matter, which accumulates on the bottom, and calcium carbonate, which is the main component of the soil in some fish culture regions (e.g., Beith Shan valley and Jordan valley where it sometimes comprises up to 65-70 % of the soils). hyde to study the cffcct of biological less rapid than that seen in the ponds. The fixation of the phosphorus by soil maximum concentration is reached only microorganisms.
2-3 days after the application. This is the During the period of the cxpcriment care time taken for the phosphorus to become was taken not to disturb the mud and to complctcly dissolved and distributed in the keep the water still. Four-hundred mg of water. powdered supcrphosphatc (ground and The phosphorus concentration in the mixed before application) were added to control increased at first, but from the third each container.
This was sufficient to day it constantly decreased although no raise the phosphorus concentration to the soil was present. The treatment with the level of 1.98 mg P/L.
The application of calcareous soil (B) showed an immediate the phosphorus was made 72 hours after fixation of approximately 24 % of the phosfilling the containers with water so that phorus by the third day, as compared with equilibrium could be reached between soil the control, and during the period of the and water before the addition of phosphate. experiment no further fixation was noticed. The results of this experiment are given The decrease in phosphorus concentration in l?igurc 2. It can be seen that there was was roughly parallel to that in the control, a constant decrease in phosphate concen-remaining at a level of 73.5-77.5% of that tration in the water although it was much of the control.
In this case it seems that A-control, without any soil; B-calcareous soil; C-non calcareous clay soil; C-S-same as C but sterilized.
an equilibrium was reached between the soil and the water, and that further decrease in concentration is due to the same factor as in the control.
The t,reatment containing the soil poor in calcium (C) showed a smaller initial fixation of phosphorus than the calcareous soil, but fixation continued during the experiment, resulting in a final phosphorus concentration of 46.8% that of the control.
The diff crencc in phosphate concentration in the sterilized (C-S) and the unsterilized (C) soils was noticed only after the 10th day of the experiment.
At the end of the cxpcriment the concentration with the unsterilized soil was 14% lower than with t,hc sterilized soil. It would seem from this that the effect of soil microorganisms is a delayed one and is very small for the first few days.
The alkalinity and pH showed marked changes in all treatments during the cxpcrimcnt. The bicarbonate alkalinity (to methyl orange) in the control fell from 213 mg/L CaCOa at the beginning of the cxpcrimcnt to 147.1 mg/J, at the end. The carbonate alkalinity (to phenolphthalcin) showed an increase from 0 at the beginning to 75.5 mg/L CaC03 at the end. The pH increased from 8.4 to 8.9. These changes were also noticed in the treatments containing soils but to a lesser degree: the pH incrcascd to 8.8. It seems that these changes are due to the heating of the water containers which wcrc standing outside unshaded. As the temperature of the water rises its capacity to dissolve carbon dioxide decreases, and part of the free carbon dioxide is given off. The equilibrium of the carbonatc-bicarbonate system is dependent to a large extent on the carbon dioxide tension in the water. Lowering of this tension causes transfer of bicarbonate to carbonate, part of which may precipitate in the case of calcium carbonate (Pia 1933) . Thus the decrease in the CO2 tension in the water caused a lowering of the methyl orange alkalinity and an increase of the phenolphthalein alkalinity and pH. In the pond the same process is occurring to a greater extent, as CO2 is also taken up by the phytoplankton during photosynthesis increasing the pH to 9.2-9.5, and cases of a pI1 as high as 10 or 10.1 have been noted by the author.
As was mentioned before, care was taken in the experiment not to disturb the water in the containers, but in the ponds conditions arc different.
The action of the wind on the surface of the pond causes a circulation and mixing of the water. The fish by their search for food which is mainly bottom fauna raise up into the water large amounts of mud. Does this have any effect on the equilibrium reached between the phosphorus concentration in the water and the soil? Another problem arising from this first experiment is what are the factors causing the decrease in the phosphorus concentration in the control which contained no soil? A further query is the role of calcium carbonate in the fixation of phosphorus from the water. It must be remembered that although the soils used were different in respect to their calcium carbonate content they also differed in other ways (such as the percentage of finer clay particles), and hence they cannot be compared directly.
These points arc dealt with in the next experiment which was carried out in a similar way except that the treatments were different.
Experiment 2
In order to find out whether the decline in phosphorus concentration in the control and the other treatments in the last cxpcriment was caused by bacterial action in the water, the water in all the treatments in this experiment was sterilized.
The sterilization was done by the addition of 1 liter of 40% formaldehyde to 15 liters of tap water. Sterilization by heat was avoided so as not to change the chemical properties of the water.
The treatments in this experiment were: g;
Control : water without any soil. Soil poor in calcium carbonate [designated as (2) in the soil description]. Special care was taken not to disturb the water and the soil. (B-M) The same soil as (B) but the water and soil were mixed well at least once a day. (C> The same soil as (B) with the addition of 30 % precipitated CaCO:i which was well lnixcd in with the showed a marked dccrcase in phosphorus soil. Again special care was taken rcrnaining in solution: after 7 days it was not to disturb the water and soil.
24.4 % that of the control and after 14 days (C-M) The same as (C) mixed well at least 27.4 %. once a day.
In the unmixed treatments the initial (B--M) Calcarcous soil [soil l;ypc (I)] period for the complete solution and dispermixed well at least once a day.
sion of the phosphorus was seen to be, as in The results of this cxpcrimcnt arc given the first experiment, two days. No such in Figure 3 . l?rom the data given in the period was seen, of course, in the mixed figure it can be seen that the mixing of the treatments. water and soil caused a much higher and
The phosphorus concentration in the more rapid fixation of the phosphorus by the control, after reaching a peak on the second soil. The treatment containing the soil day, giving a full recovery of the amount poor in CaC03 which was not mixed (8) added (1.998 mg P/L), was constantly dcshowed scarcely more lixation than the creasing as in the lirst experiment, Since control.
The treatment containing the this dccrcasc could not have been caused by same soil but which was mixed (&M) bacterial activity because the water had A-control, without any soil; B-non-calcareous clay soil not mixed with the water; II-n/l-same as H but mixed well with the water; C-soil same as 13 with 30y0 CaCOs added, not mixed ; C-M--same as C mixed well ; II-M-calcsrcous soil mixed well. been sterilized, it would seem to be due to chemical processes.
The CaCO~-poor soil with the addition of 30 % CaCO3 and which was not mixed with the water (C) showed a very similar effect on the phosphorus concentration as the calcareous soil in Experiment l-fixation of 22.0 % of the phosphorus, compared with the control, by the second day and a subsequcnt steady decrease roughly parallel with that in the control.
Compared with this last treatment the one containing the same soil but which was mixed with the water (C--&Q showed a very rapid decrease in phosphorus concentratiolr.
After only 3 hours 68.8 % of the phosphorus added had been fixed by the soil. Twenty-four hours after the addition of the phosphorus this treatment showed a water soluble phosphorus concentration of only 6.4% that of the control, and by the end of the third day it had dropped to 2.8%.
A similar effect although to a lesser extent was observed in the treatment containing calcareous soil (D-M).
It can be clearly seen that the intermixing of soil and water increases the fixation of phosphorus by the soil and this is further increased by the presence of CaC03 in the soil.
The decrease in the phosphate concentration in the water in the control as well as in the treatments containing soil was parallel to changes in a,lkalinity and pII. These changes followed the same pattern as in the first experiment.
The bicarbonate alkalinity (methyl orange alkalinity) decreased in the control from 185.2 mg CaCO3 per liter to 159.1, whereas the carbonate alkalinity (phcnolphthalein alkalinity) increased from 23.8 mg CaCOs per liter to 61.8. This was paralleled by an increase in pII from 8.4 to 9.0. Similar changes in alkalinity and pH were observed in the treatments containing soil but they were not quite so marked: the final pH in these was 8.6-8.8.
The fact that the changes in phosphate concentration and alkalinity occurred in a parallel fashion suggested that they are related in some way. This relationship was studied in the next experiment. AS wzls mentioned above, the changes in alkalinity and pH of the water are caused by c:hangcs in CO2 concentration in the water. As the water is heated less carbon dioxide can dissolve in it and part of the carbon dioxide in the water escapes into the air. The uptake of carbon dioxide by the phytoplankton in the fishpond during photosynthesis will further reduce its concentration in the water.
To prevent changes in alkalinity and pII of the water in the experiment we have to stop the cscapc of carbon dioxide. The effect of preventing the changes in alkalinity and pH on the phosphorus concentration was studied using sealed glass jars filled with tap water to which phosphate was added. These were compared with similar jars kept open to the air. A further series of jars containing distilled water to which the same amount of phosphate was added and which were kept open to the air were also studied. All jars were kept at a constant temperature of 28°C for 8 days and then at 35°C for a further 5 days.
The results of the alkalinity, pH, and phosphorus determinations are given in Table 1 . Prom the data in this table it can be seen that no marked changes in alkalinity and pH occurred in the sealed containers or the distilled water, in the first by preventing the escape of carbon dioxide and in the second by the lack of appreciable amounts of carbonates at all. In these cases no change in the concentration of the phosphorus was noticed, whereas in the open jars containing tap water the usual changes were again apparent: the bicarbonate alkalinity decreased, the carbonate alkalinity increased, and the pH also increased with a consequent decrease in phosphate concentration. These changes were greater when the temperature was raised. This shows clearly the connection between the alkalinity and pH and the phosphorus concentration.
As the pH becomes higher the phosphate is removed from solution and is precipitated. The mechanism of this process will bc discussed later. As shown above, the intermixing of soil and water in the laboratory experiments increased the rate of fixation of phosphorus by the soil. This mixing is done in the fishpond by the carp as they starch for food in the bottom mud. Schaperclaus (1933) points out that the turbidity of the water can be caused by the food-searching habits of the carp.
It would be interesting to find out the effect of the fish by their mixing action on the phosphorus concentration in the water. Six ponds were used in the study of this problem each being 400 m2 in area. They were divided into two groups of three, each receiving a different treatment. The ponds for each group were chosen at random. Both groups of ponds were filled with water on the same day. Vourtecn days later 120 fish with an average weight of 250 g wcrc put into each pond of the first group but not into the other. The wal,cr of all the ponds was found to have about 0.006 mg P/L, with only small deviations in the diff crent ponds. All ponds were thcu fertilized with 8 kg supcrphosphatc (14.6 % P20s) per pond. l~urther determinations of the phosphates were made in the ponds, and the results are given in Figure 4 .
From the data in this ligurc it can bc seen that phosphorus concentration iu the ponds containing fish decreased more rapidly than in t,hc ponds without fish. This decrease in phosphorus concentration was less rapid than is usually obscrvcd in the ponds, but this is due to the fact that ill the short time (2 weeks) since the ponds wcrc filled the phytoplankton population had not developed fully, and hcncc the pI1 of the water was not so high as is found when the water is more "aged." There was a slight incrcasc in the phosphorus concentration in the pond with fish between the 4th and 7th day to 0.04 mg P/L.
The cause of this latter increase is not fully understood. The ponds which contained fish wcrc distinctly mom turbid than the ponds without lish.
'l'hc soils used in the foregoing cxpcrimcnts were arable soils, and it was therefore a point of interest to study the propcrtics of polld mud in rcspcct to phosphate fixation.
Two soils wcrc: introduced into liter jars, which wcrc then filled with tap waler. One of these was a bottom mud taken from a pond at Messiloth in the Bcith Shan valley [soil type (3)] and the other was taken from the bank of the same pond [soil type (4)]. From the composition of these soils given on p. 86 it can be seen that both arc calcarcous soils containing 32.7-32.9 % CaCQ . They differ in that the amount of silt and clay particles and organic matter arc all higher in the pond mud. The finer particles of the soil are responsible for the adsorptive power of the soil, and hence it was expected that the mud would show a higher fixing capacity.
Phosphate was added to the water in both treatments at a rate OF 20 mg superphosphate per liter. This WELS sufficient to raise the phosphate concentration to 2.28 mg P/L.
In order to drive the carbon dioxide, more quickly out of the water the temperature of the water in the jars was raised to about 35°C. This caused a rise in the pH as can bc seen below : _-_ ._ ------I_-before after sCtcr after alter after dter 4 7 exl'. l day cia& clzfys days days CL& ____ _ _-.-__..
- 
.87 _ _ _-----_____-~--
The results of the phosphate dctermination are given in Figure 5 . Z'rom this figure it can be seen that contrary to what was expected, no more phosphorus was adsorbed by the mud than by the soil although the former contained a higher pcrccntagc of finer particles.
There are three possible explanations of tJhi s phenomenon: (a) by the lowering of the pH at the beginning of the experiment due t,o greater quantities of decomposing organic matter in the bottom mud as compared with the outside soil; (b) by the low phosphate fixation capacity of the organic colloidal particles (Ravikovitch 1934 (Ravikovitch , 1939 found in the bottom mud; (c) by a partial saturation of the adsorptive complex of the bottom mud due to regular phosphate fertilization in the years prior to this experiment.
These three factors all tend to counteract the adsorptive power of the finer particles present in the bottom mud. The phosphate which is removed from solution either directly by the soil or by precipitation should increase the phosphate concentration in the soil. This increase would not be felt in the pond after a single application, as the layer of soil taking part in phosphorus fixation is very thin, according to Hayes et al. (1952) not more than I-2 mm in thickness. The upper layer of the mud is not very distinct, as part of it is suspended in the water; hence when a sample of mud is taken for analysis it is usually a much thicker layer than the "active" layer. The phosphorus concentration added to the mud after fertilization is thus masked in the sample taken.
To overcome this difficulty the mud-water phosphate balance was ascertained in a laboratory experiment in glass jars each containing 5 g of bottom mud [soil type (3)]. The jars were filled with tap water, and then sufficient phosphate was added to raise the phosphorus concentration in the water to 2.28 mg R/L. From these data the phosphate balance of the mud-water system was calculated ( Table 2 ). As can be seen the amount of phosphorus lost from the water was gained quantitatively by the mud.
DISCUSSION
Although the rapid decline in phosphate concentration in the water of fishponds has been noted by many workers (Brecst 1921 , Demo11 1925 , Nisbct 1951 , Zcller 1952 , not many studies on the causes of this decline have been made in fishponds, and usually assumptions wcrc made from the results of studies made in lakes. Ponds and lakes, although both freshwater habitats, differ greatly with respect to their physical and chemical natures. Physical properties such as depth, ratio of volume of water to area of mud surface, and thermal stratification all have a considerable effect on the phosphorus cycle. The results of studies on the phosphorus cycle in lakes should not therefore bc applied to ponds without a critical examination. Nevertheless they give a very important line of approach to the corresponding problems in the ponds.
What are the main causes of a fall in phosphorus concentration in a lake? I'irstly the uptake of phosphorus by the phytoplankton. This is considered by some authors (Einselc 1941 , Smith 1945 , Coffin et al. 1949 , Hutchinson and Bowcn 1950 to be the main cause for the decline in phosphate concentration after the fertilization of the epilimnion of the lake the phytoplankton takes place in the short space of a few hours or even minutes. In most casts, however, the decrease in conccntration of phosphorus in the water after fertilization was not associated with a corrcsponding increase in the phytoplankton population as ought to be the case if the phosphorus was used by the phytoplankton.
When an increase in phytoplankton was seen it did not take place until some months later, two months after fertilization in Smith's cxpcriment and after three months in Einsele's experiment. Einselc (1941) suggests that phosphorus is absorbed by the phytoplankton in an "active" physiological way. This phosphorus dots not become part of the organic matter building up the cell but is stored in the ccl1 for further use. In this way, Einscle points out, the phytoplankton cells can store in 24 hours ten times as much phosphorus as is usually found in the water. Mackcrcth (1952) expressed a similar view on the phosphorus storing ability of Asterionella jormosa, as did Goldberg et al. (1951) working with Asterionella japonica.
IIOWcvcr, Mackcrcth suggests that this uptake of phosphorus may bc a purely physical phenomenon by adsorption on some part of the cell tissue. This idea is supported by the fact that Goldgerg et al. found that a considerable amount of the cell phosphorus is in a labile state and can be washed out with water.
This ability of the phytoplankton to absorb the phosphate from the water very rapidly and store it for further USC is of prime importance in the consideration of the fate of the phosphate added to fishponds. Although the "inorganic" fixation of phos-phorus in t,he w&or and soil is rapid, there is a short, period al'ter fertilization when th(: phosphorus is still in solution and when the phytoplankton can absorb a considerable amount of it. If the amounts of phosphate normally added to the fishponds in Israel in a single fertilization (approx. 0.5 mg P/L) are compared to the phosphate conccntrations cited in the papers mentioned above, it will be seen that they are ten times as much as the maximum concentration given by Mackereth and 50-80 times the concentration usually found in the water before fertilization.
The high concentration of phosphorus disappears in 24 hours and in many cases in a much shorter period. K&chum (1939) found a linear relationship bctwccn phosphorus concentration in the cells of Nitzschia closterium and phosphate in the medium, but at concentrations above ca. 0.1 mg POJL (0.033 mg P/L) in tlie medium no further increase in phosphate concentration in the ccl1 was noted (cf. Ketchum 1939, Fig. 2 ). It seems from the above discussion that even if a rapid '(active" phosphorus uptake does take place in the pond its effect on the disappearance of the high concentration of phosphorus after fertilization is small, and the main effect can be attributed to other causes such as adsorption by the bottom mud and chemical processes in the water resulting in phosphate precipitation.
Studies on the phosphate cycle in the hypolimnion of lakes showed the importance of the role of the bottom mud (Mortimcr 1941 (Mortimcr , 1942 (Mortimcr , 1949 Einselc 1938 Einselc , 1941 Hayes et al. 1952 ). The mud adsorbs or releases the phosphate according to the conditions in the hypolimnion. According to Hayes et al. (1952) the turnover time of phosphorus is less in small and shallow lakes. The importance of the mud in adsorbing phosphate in fishponds was stressed by Brccst (1921 ), Lantzsch (1924 ) and Dcmoll (1925) . The results of the present study emphasize the importance of the mud in the phosphorus cycle of ponds.
Most of the papers mentioned above consider the mechanism of this adsorption to be connected with oxidized ferric compounds in the mud such as ferric hydroxide, ferric phosphate, and ferric-organo-complex compounds. Mortiincr writes (1941: 324) : "The strongly adsorbent properties of lacustrine muds, especially in the surface layers, have long been recognized in commercial fishpond practice. . . From the experiment described here and also from observation during the winter of 1939 in Esthwaitc Water there is reason to suppose that this adsorbing influence is exercised by the oxidized mud surface." Phosphate adsorption to these ferric compounds, however, takes place only under certain conditions of pII.
Ohle (1937) showed the ampholytic properties of ferric hydroxide gel which is elcctro-positive in acid pH and electro-negative in alkaline pH. The adsorption of negatively charged phosphate ions onto the ferric hydroxide can happen therefore only in the acid range of the pH. In his experiments 65 % of the phosphate added to ferric hydroxide gel (suspension) was retained and adsorbed to the ferric compound at pH G but none at all at pH 9.
The results of Ohle's experiments are in agreement with results of studies made on phosphate adsorption by ferric compounds in arable soils. Perkins (1947) found a decrease in phosphate fixation by iron as the pH increases. Bradfield et al. (1935) quoted by Dean (1949) points out that maximum phosphate fixation by iron and aluminum t,akes place at pH 2-5 and declines when the p1-I is higher. Ohlc (1938) stressed the importance of manganic compounds in phosphate adsorption but again no adsorption was found by him at pTT 8. Perkins (1947) found maximum fixation by magncsiurn to bc at pH 4.0, decreasing as the pH increased.
The low pH values found almost always in the hypolimnion of lakes is caused by the decomposition of organic matter with the subsequent release of CO% and organic acids. This low pH is also found very often ill fishponds in temperate regions but never in subtropical Israel, where ponds arc usually situated on calcareous soils. The minimum pII in these ponds is normally 7.5--8.0, and on summer days the pII may reach 9.0-9.5 (Shilo and Shilo 1953). On sonic occasions values as high as 10.1 Ol? PHOSPHORUS  ADDED  TO FISHPONDS   95 have been recorded by the author in expcrimental fishponds. It is clear that phosphate adsorption on compounds of Fe, Mn, and Al although possible in fishponds where the pH is low, e.g. in Europe and the Far East, is impossible in the high pH of the fishponds in Israel. lMorcover, because of the high pI1 and oxygen concentration in the water the amounts of these metals in the water or in the upper layers of the mud is very small. In these circumstances a different explanation must exist for the mechanism of the phosphorus fixation by the mud as shown by the results of the present study. Such an explanation is found in the results of studies on phosphorus fixation by nrablc soils. Physico-chemical adsorption onto soil colloids as an anion-exchange reaction has been described by Ravikovitch (1934)) Dean and Rubins (1947)) Paul (1949), and Dean (1949) . In calcareous soils the added phosphate also reacts with the calcium carbonate to form insoluble calcium phosphatc compounds (Brackctt and Freeman 1915 , Magruder 1917 , McGeorge and Breaseale 1932 , Buehrer 1932 , McGeorge et al. (1935 , McGeorge 1939 , MacIntire 1941 , and Lewis et al. 1950 .
The adsorptive capacity of the soil or mud is determined by its composition as well as by the conditions, such as pH, phosphorus concentration added, degree of saturation, etc., prevailing in it. It can be seen from the results of the foregoing cxpcriments that although phosphorus is adsorbed by the soil with a very low CaCOa content, this adsorption is much higher when &CO3 is present. It seems rcasonablc to cxpcct that the higher the colloid and CaC03 contents of the mud the higher the phosphorus adsorption will bc in the same conditions. However, the nature of these colloids has a large effect on the adsorptive capacity of the mud. Ravikovitch (1.934, 1939) showed that organic colloids have a very low adsorptive capacity compared with mineral clay colloids. The organic colloids also have an indirect cffcct on phosphorus adsorption. Their decomposition regenerates phosphorus which counteracts their adsorptive role, and carbon dioxide is also evolved which lowers the pI1 in the mud hence reducing the iixation of phosphorus by the CaC03 .
As a fishpond gets older more organic matter is dcpositcd on the bottom mud. The amount of colloids is increased but its nature is changed in such a way that it does not effect the adsorptive capacity of the mud to any great extent, as was shown in the experiments in the present study. Another point which should also be considered is that by constant fertilization of a pond the colloids become partially saturated. As a result of thcsc processes an old pond can even show a decrease in the adsorptive capacity of the mud. Lantzsch (1924) gives some figures for the adsorptive capacity of different soils to methyl violet in proportional values of 1.6 for sandy soils, 49 for arable soil and 241 for pond bottom soil. Demo11 (1925) postulates from these results on the ability of pond bottom mud to adsorb phosphate.
The disagreement between Lantzsch's results and those found in this paper may be explained by different properties of the adsorbing agent and especially the diffcrcnt compounds being adsorbed.
One interesting point in the results of the experiments is the effect of mixing the mud with the water on the phosphate adsorption by the mud. By this mixing, water containing phosphate comes into contact with more mud particles, and the transfer of the phosphorus from the water to the mud is mom rapid and complete. This mixing affects the fixation of phosphorus by CaC03 more than by the anion exchange process as can bc seen from the data in Table 3 .
In the experiments described there was a constant dccrcnse in phosphate conccntra- Soil poor in Ca 2 82.7 57.0 39.4 23.6 24.1 Soil poor in Cst + 30% 2 6.5 5.5 3.8 ---Cd30 $ Calcarcous soiltion in the water in the control which contained no soil. This proved to bc caused by prccipitatiou of phosphate due to the COz tension in the water and changes in pH. Gessner (1939) described such a precipitation in the water of the River Danube, and hc assumed t,he precipitate to be Cas(P0J2 . This precipitation takes place as the pH is raised by the uptake of CO2 by the phytoplankton during photosynthesis. Armstrong and Harvey (1950) mention a similar process in the English Channel, and they also quote Diets et al. (1942) who found such a process taking place in the Pacific Ocean. Barrett (1953) found a correlation between the alkalinity of a lake and the phosphate concentration after the addition of phosphate, thus confirming Naumann's (1932) classification of alkalitrophic lakes.
Since the anion PO*---, which according to Gessner is precipitated as Ca3(P0J2 , is present only in very small quantities it would be of interest to examine this assumption from a theoretical standpoint. Buehrcr (1932) discussed the relations of various phosphate ions in a similar way to that described below.
Phosphate in solution undergoes dissociat,ion in three stages :
ITJ?OI, = I-1+ + HPO4-
HPO,-= H+ + Pod---
These three anions are in an equilibrium which is determined by their dissociation constants according to the following equations :
'l'he concentrations of the different ions are in inols. It is clear that the concerrtration of Hf in the water is expressed by the pTI of the water and is the same in all three equations. The amounts and ratios of the three phosphate anions will change with variations in the pH of the water but will remain constant at a given pI1. These amounts can be calculated from the corresponding values of K1 , I<, , and Ka .
Differences between the values given in diffcrcnt papers are not very great. The ionic dissociation constants K1 = 1.1 X 10m2, K, = 2.0 X lo-.', and I<, = 3.6 X lo-l3 (Abbot and Bray 1909 , Treadwell and Hall 1945 , Tananacv 1950 were taken as a basis for the calculation of the amounts of the three different phosphate ions in solution. Table 4 gives the amounts of these ions in solution containing 1 mg P/L at various levels of pH. The amount of I'04 ion although small at low pH becomes greater with increasing pH.
The amount of the PO4 ion which can go into solution as the soluble part of Gas (PO4)2 is defined by the solubility product according to the equation:
where f&(1~~ is the solubility product, and the amounts of ions in solution are expressed in molals. The amount of the ion PO4 which is soluble in water is dcgendent on the amount of Ca ion in the solution, and this can be calculated from the following equation derived from the previous one:
Britton (1927) found the value of s Ca3(P04)2 to be 1 X 10-26, Zharovskii (1.951) gives 2.0 X 10-29, and Latimer (1952) who based his calculation on thermodynamic data gives 1.3 X 10-.32. Calculations on the solubility of phosphorus ions in this paper are based on Britton's figure, but it should be borne in mind that the lower figures may be more correct. Table 5 shows the amounts of PO4 ions in solution at different concentrations of Ca ions. As long as the pH of the water is low the amount of PO4 ions formed by the dissociation of the phosphate is low and usually does not exceed the amount which can dissolve; but as the pH of the water rises to higher values the amounts of PO4 ions tend to be larger than can be dissolved, especially when the amount of Ca ion in the water is high, and hence part of the I'04 ions is precipitated as Ca3(PO4)2 . For example, in water containing 50 mg Ca++/L and at pH 8.0, 0.343 X IO-" mg P/L of PO4 ion is formed (Table 4 ). In this water 0.222 X 1O-3 mg P/L of PO4 ion can go into solution ( Table 5 )) so that all the PO4 ions formed will stay in solution.
If the pI1 rises to 9.0, 0.358 X loo3 mg P/L of PO4 ion are formed. This amount exceeds the quantity that can go into solution, and part of it, in this case 0.136 X 10e3 mg P/L, is precipitated.
This part would be larger in a higher concentration of Ca++.
As was mentioned before, the ratio of the three phosphate ions is constant at a given pH, and the precipitation of part of the PO4 ions will upset this equilibrium.
Equilibrium is restored by the formation of new PO4 ions by dissociation from the first two ions, but this will be precipitated until the amount of PO4 ions in the saturated solution is in the right proportion with the other two ions. Thus not only the amount of PO4 ions is affected by the precipitation but also the general phosphate concentration in the water. The maximum concentration of where C = the total phosphate concentration in the water, S,,, = the PO4 ion concentration in its saturated solution at given Ca ion concentration, and A,,, = the pcrcentage of PO4 ion concentration in the total phosphate concentration for a given pH. The total phosphate concentration soluble in water as calculated for different pH values and Ca ion concentrations are given in Figure 6 .
A comparison between phosphate concentrations found in treatments containing no soil and those derived by calculation for the same conditions is given in Table 6 . The agreement between the two sets of figures is fairly good, taking into account the fact that Ca ion concentration values were taken from the general analysis of the water and not from determinations during the experiments.
In fishponds there is a diurnal fluctuation of pH of the water brought about by the FIG. 6 photosynthetic activity of the phytoplankton and respiration of total biota. Cerny (1948) found the pH in a small European fishpond to fluctuate between 6.7 and 8.5. As can be seen from Figure 6 the amount of phosphorus that can be dissolved without being precipitated as Ca3(P04)2 is high, considering the low concentrations of Ca ion usually found in these waters (although phosphate might be precipitated or adsorbed by other means mentioned in the earlier parts of this discussion).
In Israel, however, the pH usually reaches a much higher value, as mentioned previously, values of 9.2-9.4 (Shilo and Shilo 1953) and even higher being not uncommon. With these high pH values and the high calcium content of the water precipitation of phosphate must be very large and is probably the main cause of the disappearance of phosphate after fertilization.
CONCLUSION
Fishponds in Israel differ from fishponds in the more humid areas and temperate zones by having more alkaline water, cspecially during summer days, and a high content of calcium both in water and in the bottom mud. Under these conditions phosphate added to the water in soluble form disappears rapidly from the water mainly by being precipitated as calcium phosphate. This process is influenced by the pH and the calcium content of the water.
A certain amount of the added phosphate is adsorbed by the bottom mud and soil. This is thought to be brought about mainly by an anion exchange process with the colloidal matter of the mud and by chemical reaction with calcium carbonate in the soil and mud. Adsorption onto heavy metals (as found in ponds in temperate regions) is less likely to occur because of the high pH. Mixing of the bottom mud and water increases phosphate fixation by the mud especially by the calcium carbonate.
As organic colloids have a much smaller phosphate-adsorption capacity than clay colloids, the accumulation of organic colloids on the bottom in old ponds does not increase the adsorptive capacity of the mud although the amount of colloidal matter in the mud is increased. It is to bc expected that in older fishponds the adsorption of phosphate by the mud will even decrease as a result of accumulation of organic matter on the bottom and partial saturation of the adsorption complex by regular fertilization with phosphate.
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